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translational dynamics of the same material over a temperature range from the rubbery to the glassy state.
Using TTSP, we obtain results for translational dynamics out to 109 s in TTSP reduced time – a macroscopic
timescale. Further, we show that the mean squared displacement (MSD) trends of the network atoms can be
collapsed onto a master curve at a reference temperature. The computational master curve is compared with
the experimental master curve of the creep compliance for the same network using literature data. We find
that the temporal features of the two data sets can be quantitatively compared providing an integrated view
relating molecular level dynamics to the macroscopic thermophysical measurement. The time-shift factors
needed for the superposition also show excellent agreement with experiment further establishing the veracity
of the approach.

File list (3)

download fileview on ChemRxivEpoxyMSD_Main.pdf (848.51 KiB)

download fileview on ChemRxivEpoxyMSD_SP.pdf (1.16 MiB)

download fileview on ChemRxivEpoxyMSD_Video.mp4 (17.26 MiB)

http://doi.org/10.26434/chemrxiv.8326172.v1
https://chemrxiv.org/authors/Ketan_Khare/6881507
https://chemrxiv.org/ndownloader/files/15611798
https://chemrxiv.org/articles/Integration_of_Atomistic_Simulation_with_Experiment_Using_Time_Temperature_Superposition_for_a_Cross-Linked_Epoxy_Network/8326172/1?file=15611798
https://chemrxiv.org/ndownloader/files/15611837
https://chemrxiv.org/articles/Integration_of_Atomistic_Simulation_with_Experiment_Using_Time_Temperature_Superposition_for_a_Cross-Linked_Epoxy_Network/8326172/1?file=15611837
https://chemrxiv.org/ndownloader/files/15611795
https://chemrxiv.org/articles/Integration_of_Atomistic_Simulation_with_Experiment_Using_Time_Temperature_Superposition_for_a_Cross-Linked_Epoxy_Network/8326172/1?file=15611795


Preprint 
June 26, 2019 

 

  1 
Official contribution of the U.S. National Institute of 
Standards and Technology. Not subject to U.S. copyright. 

Integration of Atomistic Simulation with Experiment using 
Time−Temperature Superposition for a Cross-linked Epoxy Network 

Ketan S. Khare*,†,‡ and Frederick R. Phelan, Jr.*,‡ 

†Department of Physics, Georgetown University, Washington, DC 20057, United States 

‡Material Science and Engineering Division, National Institute of Standards and Technology, Gaithersburg, MD 20899, United States 

 

ABSTRACT: Quantitative comparison of atomistic simulations with 
experiment for glass-forming materials is made difficult by the vast 
mismatch between computationally and experimentally accessible 
timescales. Recently, we presented results for an epoxy network 
showing that the computation of specific volume vs. temperature as 
a function of cooling rate in conjunction with the time–temperature 
superposition principle (TTSP) enables direct quantitative compari-
son of simulation with experiment. Here, we follow-up and present 
results for the translational dynamics of the same material over a 
temperature range from the rubbery to the glassy state. Using TTSP, 
we obtain results for translational dynamics out to 109 s in TTSP re-
duced time – a macroscopic timescale. Further, we show that the mean squared displacement (MSD) trends of the network atoms 
can be collapsed onto a master curve at a reference temperature. The computational master curve is compared with the experimental 
master curve of the creep compliance for the same network using literature data. We find that the temporal features of the two data 
sets can be quantitatively compared providing an integrated view relating molecular level dynamics to the macroscopic thermo-
physical measurement. The time-shift factors needed for the superposition also show excellent agreement with experiment further 
establishing the veracity of the approach. 

 

The extreme mismatch between the timescales that are accessible 
via atomistic simulations compared to experiment is a major barrier to 
the integration1 of the two methods for materials research. For viscoe-
lastic materials, rate effects are an inalienable aspect of their thermo-
mechanics. Thus, such effects are of direct relevance to their applica-
tions. Recently, we have shown2 that the study of the temperature 
trend of volumetric behavior as a function of the cooling rate can be 
used to compare experiment with atomistic simulations for cross-
linked epoxy networks despite the ten order magnitude mismatch in 
the respective rates. Further, we used the time−temperature superpo-
sition principle (TTSP) to successfully compare the rate-dependence of 
computational Tg’s with experimental literature data.2 To our 
knowledge, this was the first quantitative comparison of volumetric 
trends for thermosets.3 

TTSP has also been previously invoked by one of us to collapse the 
temperature trends of Young’s modulus of atomistic models of cross-
linked epoxy studied at different strain rates.4 The resulting master 
curve showed reasonable agreement with the experimental master 
curve of storage modulus.4 However, Young’s modulus and other quan-
tities that rely on the virial stress tensor are subject to large statistical 
fluctuations, and hence, a relatively high degree of uncertainty.3 Our fo-
cus here is the study of the temperature trend of the mean squared dis-
placement (MSD), which can be readily and accurately calculated from 
atomistic simulations. 

In the literature, reports of MSD trends of cross-linked epoxy using 
atomistic simulations that extend to nanosecond timescales are rare.5-

7 Lin and Khare5 provided a detailed analysis of the dynamics of a cross-
linked epoxy network using atomistic simulations by calculating the 
MSD trends of two sets of atoms as a function of temperature across Tg. 
It was shown for both sets that: (1) the MSD trends with time (t) have 
two subdiffusive regions that transition from roughly t0.2 to t0.5 depend-
ence; and, (2) the expected plateau in the MSD trends at long times due 
to topological localization was not found. 

Here, we study the translation dynamics of the same epoxy network 
whose volumetric behavior was recently characterized by us.2 This net-
work is formed by the polycondensation of Epon 1001F8, 9 and 4,4’-di-
aminodiphenyl sulfone (4,4’-DDS). The choice of the network chemis-
try (Figure 1) was in part motivated by the availability of experimental 
data.10-13 Simulations were started using snapshots for each of five rep-
licas from the previous work.2 We selected the snapshots from the 
slowest cooling rate (5.556 × 109 K s−1) temperature series. All simula-
tions were performed using the LAMMPS simulation package.14 The 
molecular models were described using the all-atom general AMBER 
force field (gAff)15-17 and the partial charges were calculated using Aus-
tin Model 1 with bond charge correction (AM1-BCC) method.18-20 Fur-
ther simulation details are available in our recent work.2 

 “Error bars” in the figures or uncertainty associated with quantities 
in the text reflect the “standard error of the mean” for the five model 
structures. Molecular dynamics simulations were performed for a du-
ration of 55 ns at 13 values of temperature (T), specifically [350, 400, 
450, 475, 500, 525, 550, 575, 600, 650, 700, 750, 800] K, for each of the 
five replicas. In a video included in SI, we compare the trajectories of a 

 
Figure 1. Chemical Structure of (a) Epon 1001F and (b) 4,4’-DDS units in 
network. Two sets of atoms of interest: (i) central C and (ii) cross-link N 

atoms are highlighted by red and blue colored circles, respectively. 



Preprint 
June 26, 2019 

 

  2 
Official contribution of the U.S. National Institute of 
Standards and Technology. Not subject to U.S. copyright. 

small part of the cross-linked network over a time span of 40 ns at tem-
peratures both below and above Tg (400 K and 650 K, respectively). In 
the same video, we also overlay the trajectories to visualize the confor-
mational space explored by the network at the two temperatures. 

We focus our analysis on two sets of atoms: (a) the central carbon 
atoms of the Bisphenol A moieties in the Epon 1001F units; and (b) the 
nitrogen atoms of the 4,4’-DDS units in the cross-linked network (Fig-
ure 1). These sets of atoms, which will be referred to as “central C” at-
oms and “cross-link N” atoms, respectively, are expected to show the 
fastest and the slowest dynamics in the cross-linked network because 
of their differing topological constraints.5 The log–log MSD trends vs. 
time for central C and cross-link N atoms over a duration of 40 ns are 
shown in Figure 2. Other simulation and analysis details are discussed 
in SI. As can be seen in the figures, both sets of atoms show similar qual-
itative behavior, although, as expected, the central C atoms are more 
mobile than the cross-link N atoms by a factor of about 1.5. For both 
sets, three observations can be noted. (1) The four MSD trends at tem-
peratures below Tg (489 K) show only a marginal increase in time scal-
ing from approximately t0.1 to about t0.175 dependence. (2) Above Tg, the 
MSD values increase to levels typical of molecular length scales and the 
time scaling peaks at about t0.5. (3) For temperatures above 700 K at 
long times, the MSD trends plateau, which can be attributed to topolog-
ical localization because of the highly cross-linked nature of the matrix. 
The t0.5 subdiffusive behavior has been previously reported in atomis-
tic5 as well as coarse-grained simulations.21, 22 The localization plateau, 
on the other hand, has only been previously seen in coarse-grained 
simulations.21, 22 

Despite differences in network chemistry, these findings are largely 
consistent with those reported by Lin and Khare.5 However, one point 
of difference is that we are able to access the plateau values arising 
from topological localization because the highest temperature relative 
to Tg for the MSD trends studied here is 1.65 compared to 1.25 in their 
work.23 Further, since our models are larger by a factor of 25,24 the MSD 
trends shown here have far lower uncertainty. Thus, the possibility of 
collapsing the trends in Figure 2 to form a master curve for each set of 
atoms via TTSP is visually evident. To do this, we use the following re-
lationship, which assumes thermorheological simplicity:25, 26 

bT
-1 <r 2(To , t/aT)> = <r 2(T , t)>  (1) 

where <r 2(T , t)> is the MSD, aT and bT is the time-shift and vertical-
shift factors, respectively, and T0 is the reference temperature for the 
master curve. The quantity t/aT is commonly referred to as the reduced 
time. We followed the recommendations of Dealy and Plazek26 for the 
vertical-shift factors, which are discussed further in SI. 

The vertically shifted MSD trends are progressively shifted along the 
time axis until all the trends collapse onto a master curve (see the video 
in SI). This empirical protocol is performed for both sets of atoms, and 
the aT-T trend is determined. In Figure 3a, the individual component 
trends comprising the master curve for the cross-link N atoms have 
been vertically offset to visualize the quality of the superposition effort. 
The resulting master curves as a function of the reduced time for the 
two sets of atoms are shown in Figure 3b. In Figure 3c, the slopes of 
the two master curves are shown, which quantifies the exponents of 
the time-dependence of the master curves. Finally, in Figure 3d, for the 
purpose of comparison, we show the experimental creep compliance 
master curve using data obtained from the literature.13 

As can be seen in Figure 3a-b, we observe excellent superposition 
of the MSD trends for the two sets of atoms. The central C atoms are 
consistently more mobile than the cross-link N atoms, as would be ex-
pected from their differing topological context. The central C atom is 
present on the relatively flexible Epon 1001F units, while the cross-link 
N atom is the site where the rigid cross-linker units are each pinned 
down by four Epon 1001F units (Figure 1). However, since all the com-
ponent molecular units form a highly cross-linked network, the overall 
character of the dynamics for each component is tightly coupled, as can 
be concluded from the strong qualitative resemblance of the two mas-
ter curves. For both master curves, we find that the trends in their time-
dependence (Figure 3c), suggest the existence of three distinct re-
gimes based on points of inflection and maxima for the curves. We dis-
cuss below the correspondence of these three regimes to the glassy, 
transition, and the rubbery states, respectively. 

The superposition of the MSD trends allows us to quantitatively 
compare the three regimes identified in the simulations with the be-
havior of the creep compliance seen in experiments reported in the lit-
erature.13 In Figures 3b-d, we display dashed lines where each of the 
two master curves exhibit a point of inflection (t0.175 dependence) and 
a maximum (t0.5 dependence). We have identified these as empirical 
criteria which indicate a transition in material behavior. The time-de-
pendence trends (Figure 3c) show that the behavior of the two sites is 
similar, but becomes slightly out of phase outside of the glassy regime. 
This phase difference provides us with two bounds of time correspond-
ing to the atoms showing the fastest (central C atoms) and the slowest 
(cross-link N atoms) dynamics and allows us to identify relatively grad-
ual rather than sharp boundaries between the three regimes. These 
softer criteria are more consistent with glassy dynamics than the sharp 
criteria observed in first-order phase transitions. As can be seen in Fig-
ure 3c, the central C atoms consistently fulfill these criteria prior to the 
cross-link N atoms due to their greater topological mobility, as dis-
cussed above. 

In regime 1 (the glassy state), we find that the time-dependence of 
MSD increases gradually from t0.1 to t0.175 in the first four decades in 
time (10-1 s to 103 s). During this time span, the values of the MSD are 
less than about 2 Å2, which is less than the square of both the atomic 
radii of carbon and nitrogen atoms.15, 16 We attribute these small values 
of MSD to the vibration of these atoms within their crowded cage, as 
can be expected in the glassy state. The trajectory and conformational 
space explored by the network at 400 K shown in the video (SI) is con-
sistent with the expectation for dynamics in the glassy state. Further, 

 
Figure 2. MSD (<r2>) vs. t of (a) central C and (b) cross-link N atoms. Value 

of Tg is 489± 1 K. Representative error bars at labeled temperatures 
shown. 
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this attribution agrees with the trend in the creep compliance master 
curve that shows values typical of the glassy plateau during the same 
time span.  

In regime 2, we find that the scaling of the reduced MSD increases 
sharply from approximately t0.175 to t0.5 dependence for both sets of at-
oms, and the value of the reduced MSD increases from about 2 Å2 to 
about 40 Å2 (Figure 3b). Corresponding to the abrupt increase in the 
MSD during this time span, the reduced creep compliance also exhibits 
a similar proportional increase from the glassy to the rubbery plateau 
as can be seen in Figure 3d. These observations are consistent with the 
fact that the data sets for this regime lie in the vicinity of the Tg for both 
simulation (Figure 3a-b) and experiment (Figure 3d). However, from 
Figure 3c, it is also found that in this regime, the time-dependence of 
the MSD trends for the two sets of atoms diverge, i.e., their slopes go 

out of phase. Thus, unlike in the glassy state, the dynamics of the two 
sets of atoms are asynchronous in this regime. 

The emergence of this asynchronous behavior in the network can be 
explained by the difference in the overall relative mobility for the two 
regimes. In the glassy state, all the atoms experience caging, and hence, 
the dynamics of the atoms in the network are tightly coupled with that 
of their neighbors. In the transition regime (which corresponds to ei-
ther longer times or elevated temperatures), the atoms explore a far 
greater conformational space which varies based on their specific top-
ological constraints (Figure 1). Thus, the atoms in the network exhibit 
topology-induced asynchronous (TIA) dynamics, which is seen as the 
divergence in Figure 3c. We note that the TIA dynamics phenomenon 
is distinct from the dynamic heterogeneity5, 6, 27, 28 that is also implicated 
in the glass transition. The former is a temporal feature of the dynamics 

 

 

 
Figure 3. (a) Vertically Offset MSD trends with t/aT from simulations at labelled temperatures to show quality of superposition. (b) Reduced MSDs from simulations. (c) 

Slopes of reduced MSDs. (d) Reduced creep compliance from experiments. Error bars are width of line for (a) and (b). Representative error bars shown for (c). Uncer-
tainty estimates not available for (d). 
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of different groups of atoms, whereas the latter is a spatial feature of 
the dynamics of atoms. The TIA dynamics phenomenon is probably a 
characteristic of network polymers, where molecular units of disparate 
lengths and flexibilities are covalently bound to form a network.    

The MSD master curves at the epoch of regime 3 (t0.5 dependence) 
were obtained at a temperature of 575 K. This is the point where the 
specific volume trend studied in the previous work2 deviates from the 
rubbery line. In this regime, the values of the reduced MSDs show dras-
tic increases as can be clearly seen in the inset of Figure 3b. Compari-
son with Figure 3d shows that macroscopically, this regime corre-
sponds to the rubbery plateau in the experimental creep compliance 
trend. Comparison of Figures 3c and 3d indicates that the molecular 
origin of the onset of the rubbery plateau corresponds to the point 
where the maximum in diffusive behavior has been reached. Hence, we 
denote the time when the MSD master curves attain peak time-depend-
ence (t0.5 dependence) as the epoch of rubbery behavior. At these ele-
vated temperatures/long times, the molecular units of the network ex-
plore all available conformational space (see the video in SI). About a 
decade after the epoch of the rubbery behavior, the MSD trends begin 
to plateau due to topological localization. The peak and decline in the 
value of the slope in Figure 3c at the epoch of the rubbery regime indi-
cate that, to some degree, localization starts at this point, but the effects 
are only slowly felt.  

The designation of the t0.175 and t0.5 dependence (Figure 3c) as the 
bounds for the three regimes are based on empirical observations 
emergent from the simulation results. However, there is not any clear 
connection of those results to existing theory. Because of their under-
lying assumptions, neither the Rouse nor the Reptation model is rigor-
ously applicable to cross-linked epoxy networks.29 However, t0.25 de-
pendence is predicted by de Gennes30 for Rouse-like diffusion within 
tube constraints,29 and t0.5 dependence is predicted by primitive chain 
dynamics for entangled polymer melts.29 The latter dependence was 
also demonstrated using coarse-grained simulations,21, 22 and theory31. 
While not exact, these results provide a frame of reference for inter-
preting the transition in the network dynamics that we observed here.  

The empirically obtained aT-T trend that is used to perform the su-
perposition is shown in Figure 4. The values of aT for the two sets of 
atoms are essentially identical, as would be expected from TTSP. This 
trend splices neatly with the trend that we previously calculated using 
specific volume–cooling rate analysis for the same network.2 Also in 
that figure, we show: (1) the experimental values of aT extracted from 
the literature13; (2) the aT values needed to superpose the experimental 
creep compliance trends extracted from the literature13 (Figure 3d); 
and (3) the aT-T trend calculated using the material-specific Wil-
liam−Landel−Ferry (WLF) parameters in the literature. A gap exists be-
tween the time-shift factors obtained by experiment and simulations 

due to the vast mismatch between the timescales accessed by the two 
methods. Nevertheless, as can be seen in the figure, this gap is neatly 
bridged by the WLF time-shift factor trend. Below the simulation Tg 
value of 489 K, the time-shift factors obtained by superposing the sim-
ulation dynamics deviate from those calculated by the WLF relation-
ship, as expected. These findings regarding the aT-T trends are con-
sistent with the previous work4 by one of us. Neither the experimental 
nor the WLF time-shift factors were used to guide our superposition 
effort here. The simulation aT-T trend was obtained independently. 

In the literature,32 a decoupling of segmental and chain dynamics in 
various polymers has been reported, which causes a breakdown in 
thermorheological simplicity and a failure of TTSP. We believe that due 
to the elevated temperatures used in our simulations and the highly 
cross-linked nature of the network, the two modes of dynamics remain 
coupled and our assumption of thermorheological simplicity appears 
to be valid. Other measures of translational and rotational dynamics of 
the network are currently being studied and will be included in a more 
detailed report. 

To summarize, we studied the MSD trends of two sets of atoms in a 
cross-linked epoxy network using atomistic simulations. We find that 
these trends can be superposed using TTSP to form master curves. The 
temporal features of the reduced curves in simulations show excellent 
quantitative agreement with the creep compliance master curve ob-
tained using experiments in the literature.13 Finally, we find that the 
time-shift factors needed to obtain the master curves using simulation 
data show excellent agreement with those obtained from experimental 
literature data13 and our previously reported2 specific volume–cooling 
rate analysis. Altogether, such quantitative comparison between atom-
istic simulations and experiment presents an integrated view relating 
the molecular dynamics of the network with its macroscale viscoelastic 
characterization. Besides presenting a method to extend nanosecond 
simulations to macroscale timescales, these results should also be of 
interest to experimentalists. Many measurement techniques in current 
use infer structure and properties from the atomistic level dynamics, 
e.g., NMR and QENS. The results obtained here indicate that measure-
ments of higher level segmental features could also be useful. Here, we 
show empirical evidence that such an approach is indeed productive. 
To the best of our knowledge, this is the first such report for network 
polymers. 
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Simulation Details  

All simulations were performed using the LAMMPS simulation 
package.1 The molecular models were described by the all-atom 
general AMBER force field (GAFF).2-4 The partial charges on atoms 
were calculated by the Austin Model 1 with bond charge correction 
model (AM1-BCC).5-7 The Van der Waals interactions were truncated 
at 9 Å, and the residual was accounted using tail corrections.8 The 
short-range pairwise Coulombic interactions were directly calculated 
up to 9 Å, and the long-range interactions were calculated using the 
particle-particle particle-mesh (pppm) method.9 Isothermal-isobaric 
conditions were maintained using the Nosé-Hoover10-12 thermostat 
and barostat. As described in the main manuscript, simulations were 
performed at 13 different values of temperature. The pressure, 
however, was maintained at 5 MPa in each case. Further details about 
the preparation of the system are available in our previous work.13 
Simulations were started at snapshots saved at the end of the 
corresponding temperature step during the Slow-1× cooling rate in 
our previous work.13 Simulations were run for 55 ns, and the 
coordinates for all heavy atoms were saved at intervals of 25 ps. We 
used the rerun command in LAMMPS1, 14 to perform analysis.  

Vertical-Shift Factors (bT) 

Physically, the aT-T trend quantitatively accounts for the drastic 
relationship between the polymer relaxation time and T, which causes 
the abruptness of the glass transition phenomenon. On the other hand, 
bT accounts for the relatively weak dependence of the stress 
magnitude on T.15 Since we are studying the MSD trends for the atoms 
in a highly cross-linked network, virial stress magnitudes will have a 
direct impact on the molecular friction associated with the 
translational dynamics in the rubbery state, effectively tending to slow 
down the dynamics, even though overall this tendency will be marginal 
compared to the direct effect of the temperature (i.e., acceleration) on 
the dynamics of the atoms in the network.15 This dependence of bT on 
temperature is expected to cease below the Tg based on our previous 
experience.16 Therefore, we use the following relationship for the 
vertical shift factors:  

𝑏 =
     if 𝑇 > 𝑇

    if 𝑇 <  𝑇
 , 

 (S1) 

where 𝜌, 𝜌 , and 𝜌  are the densities at temperatures T, Tref, and Tg, 
respectively. Since the simultaneous empirical fitting of both aT and bT 
causes both factors to lose physical significance,15 we have not made 
any attempts to improve our superposition effort by altering the values 
of bT from those calculated using equation S1, which are shown in 
Figure S1.15 In any case, preliminary tests have shown that alterations 
to the values of bT have a negligible impact on the aT-T trend of the 
network, which is of far greater relevance in this work.  

Trajectory and Conformational Space  

The trajectory of a small part of the network was visualized at 400 K 
and 650 K (below and above Tg, respectively) using the Visual 
Molecular Dynamics17 (VMD) software. The trajectory was also 
overlaid to visualize the conformational space explored by the network 
(Figure S2). Both are shown in the video also included in the 
Supporting Information.  
 

 

 
Figure S1. Vertical-shift factor (bT) versus temperature (T) 

 
(a) 

 
(b) 

Figure S2. Trajectory of a small part of the network overlaid to show 
conformational space at (a) 400 K and (b) 650 K 
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